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Introduction
Elongation of the conceptus is a prerequisite for successful implantation and survival of pregnancy in ruminants. In cattle, the hatched blastocyst remains detached in the uterine lumen and forms an ovoid conceptus by day 13 of development. Elongation starts around day 14, when the approximately 1 mm ovoid conceptus starts to elongate by rapid proliferation and reorganization of trophectoderm cells, and becomes a filamentous structure of approximately 200 mm by day 17. Implantation occurs sequentially around day 20 and requires differentiation of trophectoderm mononuclear cells into binucleated cells, and the apposition with adhesion of the elongated conceptus to the luminal epithelium of the endometrium (Wooding 1992) . Concurrent with elongation, the highly active trophectoderm cells secrete bioactive products that affect endometrial physiology, establishing a complex crosstalk between the two tissues that coordinate critical events for pregnancy recognition and maintenance of a functional corpus luteum, formation of a functional placenta, and survival of pregnancy to term (Spencer et al. 2004) .
Conceptus elongation depends on histotroph secretion by the glandular epithelium of the endometrium. Uterine gland knockout in ewes resulted in the development of ovoid conceptuses, but precluded their elongation and survival (Gray et al. 2001) . The uterine histotroph is a rich combination of molecules including saccharides, proteins, amino acids, lipids, ions, growth factors and cytokines that are fundamental for early embryo development in all mammals, but are especially important for ruminants whose implantation and formation of the epitheliochorial placenta occurs relatively late in development (Carter 2012) . Conceptus cells use these molecules for nutrition, homeostasis and cell signaling. Although not often recalled as part of the histotroph, lipids are an essential component of cells, with structural and bioactive properties, and their role on conceptus development during the elongation phase have been the focus of recent studies. This review summarizes the current information on the potential roles of lipids during elongation of the ruminant preimplantation conceptus, and the associated implications.
components, and it is uncertain what triggers the initial increase in proliferation and reorganization of trophectoderm cells. Interestingly, the time of the onset of elongation varies among animals. Transcervical uterine flushings of single-ovulating dairy cows on day 15 after artificial insemination resulted in the recovery of conceptuses ranging from 1 to 60 mm in length (Ribeiro et al. 2016a) . Considering the fast speed of the elongation process, Ribeiro and coworkers (2016a) used the range in size of the recovered conceptuses to characterize changes in cell biology occurring in a short and important window of development, the onset of elongation. They categorized conceptuses as ovoid (1-4 mm), tubular (5-19 mm) or filamentous (20-60 mm) and compared their transcriptomes. As expected, substantial differences among the three groups were observed, which revealed important biological events associated with the elongation process and how it is coordinated.
Overall, 1611 transcripts were differently expressed in at least one out of the three pairwise comparisons. A total of 667 transcripts were expressed differently between ovoid and tubular, 404 between tubular and filamentous, and 1441 between ovoid and filamentous conceptuses. Functional analyses of the data revealed that lipid metabolism was one of the top molecular and cellular functions associated with the differentially expressed genes, involving at least 132 genes with known annotation and linkage to the specific function ( Fig. 1 ). Within those upregulated as the conceptus transitioned from ovoid to filamentous were genes involved with lipid uptake (SCARB1, SCL27A6, SCL27A2), lipid droplet formation (PLIN2), activation (ACSL3, ACSL6, ACSS2, CRAT) and oxidation (ABCD3, ACOT8, ACOT4, ACOX1, ALDH3A2) of fatty acids, biogenesis of peroxisomes (CAT, PEX11A), desaturation (SCD, FADS2, FADS1) and elongation (TECR) of fatty acids, mobilization of membrane phospholipids (PLA2G7, PLA2G12A), biosynthesis of phospholipids (AGPAT9, AGPAT3, DGKD, GPAM, LPCAT3, LPCAT1, MOGAT1, PLCL2, SLC37A1, STARD10) and prostaglandins (AKR1A1, PTGES, PTGIS, PTGS2), and transport of prostaglandins (SLCO2A1) and other lipids metabolites (ABCG2, SLC10A1, SLC37A1, STARD10).
Among genes related to lipid metabolism, peroxisome proliferator-activated receptor gamma (PPARG) seemed to play important roles in elongation for numerous reasons. First, there was a substantial increase in transcript expression of PPARG during the onset of elongation ( Fig. 2A) ; second, the functional analysis pointed PPARG as an important upstream regulator of the transcriptome changes observed (Fig. 3) ; third, level of expression of PPARG was correlated highly with the level of expression of several other genes known to influence conceptus development or lipid metabolism ( Fig. 2B , C, D and Supplementary Table 1 , see section on supplementary data given at the end of this article); and fourth, PPARG is known to have relevant biological functions in developmental biology. Peroxisome proliferator-activated receptors are a family of nuclear receptors that function as ligand-dependent transcription factors controlling a wide variety of biological processes in several tissues, including the placenta (Berger & Moller 2002 , Wieser et al. 2008 .
Initially, PPARs were described as orphan receptors, with lipids such as polyunsaturated fatty acids, prostanoid metabolites, and constituents of oxidized low-density lipoproteins later identified as natural ligands of PPARs (Forman et al. 1997 , Nagy et al. 1998 . Binding of ligand causes conformational changes in the PPARG that facilitates the formation of heterodimers with retinoid X receptor. The two nuclear receptors then bind to PPAR response elements (PPRE) in regulatory regions of target genes, influence transcription and, consequently, the biology of cells (Costa et al. 2010) . Interestingly, genetic ablation of PPARG in mice caused embryonic lethality because of placental defects (Barak et al. 1999) . Reconstitution of PPARG null embryos with wild-type placenta via chimeric aggregation corrected the defects and rescued embryo development. This confirmed the direct causative relationship of PPARG deficiency with placenta defects. Subsequent research demonstrated that PPARG was essential for uptake and metabolism of fatty acids, cell differentiation, and vascularization in the developing placenta (Schaiff et al. 2006 , 2007 , Fournier et al. 2011 , Shalom-Barak et al. 2012 . Low expression or low transcription factor activity of PPARG was suggested as a potential contributor for the occurrence of preeclampsia in women, a major cause of maternal and perinatal mortality (McCarthy et al. 2011a,b) .
As in mice and humans, PPARG and lipid metabolism seems also to be critical for placentation of ruminants, particularly during preimplantation conceptus elongation. Agreeing with the findings from Ribeiro and coworkers (2016a) in cattle, a loss-of-function study demonstrated that PPARG regulates conceptus elongation in sheep (Brooks et al. 2015) . Intrauterine infusion of morpholino antisense oligonucleotides for PPARG, which inhibit mRNA translation and protein expression, using osmotic pumps and starting before the time of conceptus elongation resulted in the recovery of growth-retarded conceptuses. The abnormal phenotype was not observed for conceptuses recovered from ewes treated with the intrauterine infusion of the designed control or PPAR-delta morpholinos. The latter two groups of ewes presented elongated filamentous conceptuses of expected size and morphology for the stage of development. As a consequence of their abnormal development, the treated conceptuses with knockdown PPARG had a reduced secretion of interferon-tau (IFNT) and prostaglandins in utero, which affected endometrium physiology.
Brooks and coworkers (2015) also evaluated the binding sites of PPARG in ovine conceptus cells by chromatin immunoprecipitation and sequencing. They identified 1833 bound segments of DNA within 10,000 bp of gene regions, thus with potential regulatory function. From those PPARG target genes, 1066 genes had transcript expression in ovine conceptus cells detected by RNA sequencing. Lipid biosynthesis and metabolism were the main biological processes enriched in the functional analyses of these genes. Out of the 1066 genes reported by Brooks and coworkers (2015) , 824 are represented in the Affymetrix GeneChip platform used for bovine conceptuses by Ribeiro and coworkers (2016a). From those, 729 genes were expressed in the elongating bovine conceptuses, 105 were found to be expressed differently during elongation and 48 had expression highly correlated with the expression of PPARG. Among the latter are SLC27A6, ABCG2, MOGAT1, LPCAT1, LPCAT3, FADS1, FADS2, AGPAT3, AGPAT9 and ACSL6, which are critical genes for the uptake, activation, synthesis and modification of fatty acids. Altogether, these findings suggest an important role of lipids during the process of elongation of the preimplantation conceptus in ruminants.
Utilization of lipids by the elongating conceptus
The nature of the process of conceptus elongation per se indicates a high demand for lipids. The biomass of the conceptus increases substantially during elongation. The mean ± s.e.m. of the wet weight of bovine conceptuses was described as 12.2 ± 1.9 mg on day 16 of development (Lewis et al. 1982 et al. 1982) . The rapid remodeling and proliferation of cells require lipids for syntheses of plasmalemma and organelles membranes, which must be sufficed by the uptake of lipids from the uterine lumen and from de novo biosynthesis of phospholipids. Expression of genes related to uptake of lipids from extracellular space, such as fatty acid transporters and scavenger receptors, and genes related to biosynthesis and modification of fatty acids, such as acyl-CoA synthetases and fatty acid desaturases, increase substantially during the onset of elongation (Ribeiro et al. 2016a ). Activity of these proteins is important for providing the needed lipids for cellular replication and biology. They also determine the profile of fatty acids incorporated into the membranes and available in the intracellular space for regulation of cellular processes, which influence cell membrane function and cellular metabolism respectively. The preimplantation human embryo actively takes up individual fatty acids with preference for polyunsaturated fatty acids leading to accumulation of linoleic acid and other unsaturated fatty acids in place of saturated fatty acids as the conceptus develops (Haggarty et al. 2006) .
Fatty acids also provide energy to support the requirements of the proliferating tissue. In addition to the rapid proliferation of cells, trophectoderm cells at elongation are very active and secrete considerable amounts of bioactive factors, which also require energy to be synthetized. Lipids could be used by conceptus cells for oxidation and generation of ATP, as well as for precursors of lipid derivatives such as eicosanoids, which are produced abundantly by the conceptus at this stage of development. The use of fatty acids as an energy source has the advantage of producing 2.3 and 1.7 times the caloric value per unit of mass compared with carbohydrates and proteins respectively. In addition, long-chain fatty acids can undergo peroxisomal oxidation, which generates smaller acyl chains that can be used for mitochondrial oxidation or for biosynthesis of specific phospholipids, and also byproducts such as reactive oxygen species that are important for cell signaling and differentiation (Ray et al. 2012 ). In fact, the level of expression of genes related to peroxisome formation, activation and oxidation of fatty acids increase during the onset of elongation in the bovine conceptus (Ribeiro et al. 2016a ).
Trophectoderm of elongating conceptuses have a great demand for arachidonic acid or its precursors for production of eicosanoids. Bovine conceptuses on day 16 of development produced on average 350 ng of prostaglandins per mg of tissue in 24-h period of in vitro incubation (Lewis et al. 1982) . In fact, the amount of prostaglandins in the uterine lumen of pregnant cows and pregnant ewes is much greater than those observed in control cyclic females at the same stage of the estrous cycle, and the difference is explained by the amount of conceptus-derived prostaglandins (Lewis et al. 1982 , Ulbrich et al. 2009 , Spencer et al. 2013 . In terms of transcript expression, genes related with supply of precursors and synthesis of prostaglandins increase substantially during the onset of elongation, and were highly correlated with the expression of PPARG ( Fig. 2B and Supplementary Table 1 ; Ribeiro et al. 2016a) .
Lipids are also important for cell signaling (Fernandis & Wenk 2007) and for subcompartmentalization of cell membranes (Lingwood & Simons 2010), with a broad variety of potential roles during conceptus elongation. The best examples would be the eicosanoid signaling and PPARG activation. Prostaglandins have intracrine, autocrine and paracrine functions in conceptus and endometrium cells, which express both membrane and nuclear receptors for prostaglandins (Arosh et al. 2004 , Cammas et al. 2006 , MacLaren et al. 2006 , Dorniak et al. 2011 , 2012 , Spencer et al. 2013 . Moreover, transport of prostaglandins across cell membranes is performed by a transporter, which is expressed by both conceptus and endometrium cells (Banu et al. 2003 , Ribeiro et al. 2016a ). In fact, transcript expression of the prostaglandin transporter (SLCO2A1) in bovine conceptus cells increased with the onset of elongation ( Fig. 2C ; Ribeiro et al. 2016a) . As mentioned herein, prostaglandins are natural ligands of PPARs (Forman et al. 1997 ) and, therefore, intracrine and paracrine effects of prostaglandins in conceptus and endometrium cells can be mediated by PPAR coordination of gene expression. Furthermore, intrauterine infusion of prostaglandins in ewes induced expression of several genes in the endometrium that are known to stimulate trophectoderm cell proliferation and migration within the uterine lumen during the elongation phase (Dorniak et al. 2011 , Spencer et al. 2013 . Intrauterine infusion of meloxicam, a specific inhibitor of prostaglandinendoperoxide synthase activity, in pregnant ewes reduced the amount of prostaglandins in the uterine fluid and precluded conceptus elongation (Dorniak et al. 2011) .
Other lipids such as lysophosphatidic acid (LPA) also have been suggested to play an important role in cell signaling during conceptus development in ruminants in combination with prostaglandins (Liszewska et al. 2009 , Woclawek-Potocka et al. 2009 ). The amount of LPA in the uterine fluid of pregnant ewes increased during the elongation phase, and the supplementation of LPA in culture medium of trophectoderm cells increased cell proliferation, remodeling of cytoskeleton and prostaglandin secretion (Liszewska et al. 2009 ). Autotaxin, an ectoenzyme responsible for synthesis of most LPA in extracellular body fluids (Barbayianni et al. 2015) , was shown to be expressed in both conceptus and endometrium cells of ewes (Liszewska et al. 2009 ) and cows (Woclawek-Potocka et al. 2009 , Ribeiro et al. 2016a ). Thus, both the endometrium and the elongating conceptus can contribute for the amount of LPA available in the uterine lumen during the elongation phase. The LPA acts in conceptus and endometrium cells through a group of G protein-coupled receptors that induce multiple intracellular signals (Liszewska et al. 2009 , 2012 , Woclawek-Potocka et al. 2009 ). Nonetheless, PPARG has been identified as an intracellular receptor for LPA (McIntyre et al. 2003) and, therefore, it might contribute for LPA signaling in ruminant conceptus during elongation. Interestingly, McIntyre and coworkers (2003) suggested that the type of acyl residue in the LPA molecule would not influence significantly the activation of PPARG, but the anionic phosphoryl group would be the primary determinant of PPARG activation.
Source and delivery of lipids for conceptus utilization
Ribeiro and coworkers (2016a) characterized the metabolome of the uterine fluid collected on day 15 after artificial insemination in lactating dairy cows. Several lipids were detected by mass spectrophotometry in the uterine fluid of bred cows on day 15 after insemination, and considerable differences were observed between pregnant and nonpregnant cows. Pregnant cows had reduced amounts of arachidonate, but increased amounts of three arachidonate-derivative molecules, prostaglandins, 15-hydroxyeicosatetraenoic acid and anandamide, compared with nonpregnant cows. The three arachidonate-derivative molecules have been demonstrated to be ligands/activators of PPARG (Brezinski & Serhan 1990 , Forman et al. 1997 , Nagy et al. 1998 , O'Sullivan 2007 and may play an important role coordinating gene expression and biology of conceptus cells during elongation. Moreover, 9,12,13-TriHOME, a trihydroxy metabolite of linoleic acid, had a greater concentration in the uterine fluid of pregnant cows. The 9,12,13-TriHOME also binds to PPARG and has potential roles on controlling arachidonic acid and prostaglandin biosynthesis (Funk et al. 1985) , Additional differences regarding fatty acids in the uterine fluid included lower concentration of oleic acid and greater concentrations of stearic acid derivatives in pregnant cows. Finally, lipoate had the largest difference in abundance between pregnant and nonpregnant cows, with a 14-fold increase in pregnant cows. Lipoic acid is a dithiol compound synthesized from octanoic acid with a high redox potential and antioxidative effects that works as a cofactor for multiple enzymes (Shay et al. 2009 ). Overall, the metabolomics investigation demonstrated that lipids are available in the uterine fluid to be used by conceptus cells and the presence of an elongating conceptus causes changes in the lipid profile that may be associated with important biological events occurring during elongation.
The endometrium is the most likely source of lipids for conceptus utilization, although direct transfer of lipids from uterine blood circulation to the uterine lumen cannot be discarded. Pioneer research demonstrated important variation in the amount of lipid droplets in the endometrium epithelium according to the phase of estrous cycle in both cows (Skjerven 1956 , Marinov & Lovell 1968 , Wordinger et al. 1977 ) and ewes (Brinsfield & Hawk 1973 , Boshier et al. 1987 . In both species, the amount of lipid droplets in the endometrial epithelium is low during the metestrus and increases throughout the diestrus phase, being maximal in the phase corresponding to the time of the onset of conceptus elongation. A classical study by Brinsfield and Hawk (1973) demonstrated that progesterone is the main hormone controlling lipid accumulation in the endometrium. The increase in lipid droplets in the endometrial epithelium was parallel with the development of the corpus luteum during the estrous cycle, and progesterone supplementation in ovariectomized ewes induced accumulation of lipids in the endometrium that was comparable to the accumulation of lipids observed in a spontaneous estrous cycle. Therefore, it is reasonable to speculate that the accumulation of lipids in the endometrium with exposure to progesterone may act as a mechanism to supply lipids for the elongating conceptus to meet the demand of fatty acids for cell replication, signaling and metabolism. In nonpregnant females, the accumulated lipids during late diestrus would be used for the production of luteolytic prostaglandins by the endometrium at the end of diestrus (McCracken et al. 1999) or for unknown estradiol effects in the endometrium during the follicular phase of the estrous cycle (Brinsfield & Hawk 1973) .
The amount of lipid droplets in epithelial cells of the endometrium in ewes was found to be reduced by the presence of a conceptus (Boshier et al. 1987 , Meier et al. 1997 , which suggests increased utilization of such lipids by the presence of the conceptus. Moreover, differences in lipid profile in the endometrium at late diestrus between pregnant and nonpregnant ewes (Meier et al. 1997 ), pregnant and nonpregnant cows (Bilby et al. 2006 , Meier et al. 2009 ) and between gravid and nongravid horns of pregnant cows (Meier et al. 2011 ) have been reported, although results are inconsistent. The variability in results may be attributed to differences in experimental design and methods utilized, especially for sampling of the endometrium and analyses used for lipids measurements. The accumulation of lipids occurs mainly in the luminal epithelium and superficial glandular epithelium in both cows (Wordinger et al. 1977 ) and ewes (Brinsfield & Hawk 1973) . Little or no lipid droplets were observed in the deep glandular epithelium and stromal cells of the endometrium (Brinsfield & Hawk 1973 , Wordinger et al. 1977 . Thus, sampling the entire endometrium without discerning the distinct cellular layers might distort accurate identification and quantification of fatty acids and other lipids. Future studies may have to focus on lipid composition of specific endometrial cell types.
The biological mechanisms by which lipids leave the endometrium, reach and are taken up by the conceptus cells still are not elucidated. Considerable amount of extracellular vesicles, exosomes and microvesicles are detected in the uterine fluid of multiple species, including ruminants (Racicot et al. 2012 , Ng et al. 2013 , Burns et al. 2014 , Ruiz-González et al. 2014 . These vesicles are secreted by both the endometrium and the conceptus cells and serve as a communication mechanism between the two tissues (Ng et al. 2013) . Most research investigating uterine extracellular vesicles have focused on their cargo, which contain a combination of important molecules for conceptus development such as proteins, mRNAs, miRNAs and endogenous retrovirus (Racicot et al. 2012 , Burns et al. 2014 , Ruiz-González et al. 2014 . Nonetheless, the extracellular vesicles are composed of lipids and might represent an important source of fatty acids for utilization by the trophectoderm cells during elongation. Both exosomes and microvesicles are formed by a lipid bilayer membrane, which is incorporated by target cells. Microvesicles are derived from shedding of the plasma membrane and, consequently, their lipid profile is similar to that of the plasma membrane of the original cells. Exosomes, however, are formed and secreted in the late endosome and have particular features. Sorting of lipids occurs during exosome formation and, in addition to the phospholipid bilayer membrane, exosomes also transfer specific lipids (e.g. arachidonic acid), lipids metabolites (e.g. prostaglandins), phospholipases and other enzymes for lipid metabolism of their cargo (Subra et al. 2010 , Record et al. 2014 .
Carrier proteins and lipoproteins provide other potential mechanisms for transport of lipids from the endometrium to the conceptus, but their presence in the uterine fluid and relevance during the elongation phase are not well characterized. In blood plasma, the volume of lipids carried by carriers and lipoproteins are more significant than the volume of lipids carried by extracellular vesicles (Record et al. 2014 ). If the uterine fluid resembles blood plasma in this regard, carrier proteins and lipoproteins may be more important than extracellular vesicles regarding lipid supply to conceptus. Albumin, for example, was the most abundant protein in the uterine fluid of pregnant heifers on day 16 of the estrous cycle in a proteomic study (Forde et al. 2014) . Moreover, pregnant ewes had greater concentration of apolipoprotein-A1, the main protein component of high-density lipoprotein, in the uterine fluid than control cyclic ewes on day 16 of the estrous cycle (Koch et al. 2010) . High-density lipoprotein is the major lipoprotein transporting lipids in ruminants and the major method to transfer fatty acids, cholesterol and cholesteryl esters among tissues through the bloodstream in wellfed animals (Cordle et al. 1985) . Forde and coworkers (2014) and Koch and coworkers (2010) also detected the presence of fatty acid binding proteins in the uterine fluid, which are likely needed to keep the apolar lipids in suspension in the uterine lumen. Moreover, cells of elongating bovine conceptuses express transcripts for lipoprotein receptors, scavenger receptors and fatty acid transporters (Ribeiro et al. 2016a) , thereby suggesting an active system for lipid transport and uptake by the conceptus. In fact, the transcript expression of the longchain fatty acid transport protein 6 (SCL27A6) increased substantially during the onset of elongation in bovine conceptuses, and it was highly correlated with the expression of PPARG (Fig. 2D; Ribeiro et al. 2016a) . Moreover, a PPRE bound by PPARG was found in the gene region of SCL27A6 in elongating ovine conceptuses cells (Brooks et al. 2015) .
Potential implications and applications
Reproduction is a critical component of any ruminant production system, and optimization of reproductive efficiency is a necessity to maintain farms economically viable and sustainable (Morris 2009 , Rodgers et al. 2012 , Ribeiro et al. 2012 . Pregnancy loss in ruminants, however, is substantial and impairs reproductive efficiency, causing significant economic losses (Santos et al. 2004 , Dixon et al. 2007 ). Most pregnancy losses occur at early stages of embryonic development, including the elongation phase. In lactating dairy cows, it has been estimated that approximately one-third of viable blastocysts fail to elongate and survive by the end of the fourth week of development (Ribeiro et al. 2016b) .
Although considerable progress has been made on the understanding of early pregnancy biology in ruminants, only modest progress has been made on the understanding of developmental failures and on the design of strategies to reduce embryonic mortality. For instance, pregnancy per AI in dairy cows in USA has not changed significantly over the last 15 years and advances in reproductive efficiency observed in the same period were obtained mainly by improving management strategies (Bisinotto et al. 2014) . Further improvements in reproductive efficiency of ruminant production systems will require the development of strategies to minimize embryonic mortality, which in turn will require a better elucidation of critical events in developmental biology. Based on the evidences presented herein, lipid metabolism during the preimplantation stages of development might be an important target for better elucidation of its biology and potential development of nutraceutical or pharmaceutical methods to improve conceptus survival in ruminants.
Lipids represent a small but important component of ruminant diets. Lipid content of diets is normally around 2-3%, but fat supplementation is commonly used and is intended for increasing the energy density of the diet and for the utilization of nutraceutical properties of specific fatty acids. Different strategies of fat supplementation have demonstrated benefits in production, health and reproduction of ruminants (Staples et al. 1998 , Santos et al. 2008 , Silvestre et al. 2011 , Rabiee et al. 2012 , Greco et al. 2015 , Rodney et al. 2015 . The benefits observed often are not accounted solely to the increase in energy density of the diet and resulting caloric intake, but better explained by the type of fatty acids supplemented (Staples et al. 1998) . More recently, research on fat supplementation has focused mainly in the supplementation of particular fatty acids such as those belonging to the omega-3 and omega-6 families, some of which are considered essential. Rumen microbial biohydrogenation of the unsaturated acyl chains, however, constitutes a challenge for supplementation of unsaturated fatty acids, as the profile of fatty acids absorbed in the gut are distinct from the one supplied in the diet. Nonetheless, technologies to reduce the availability of unsaturated fatty acids in the rumen decreases biohydrogenation and increase the delivery to the small intestine for absorption and subsequent delivery to tissues during the postabsorptive state (Theurer et al. 2009 , Greco et al. 2015 .
Manipulation of the dietary lipid content is not only capable of altering the fatty acids profile in tissues but could also change tissue physiology (Calder 2012). Feeding a diet rich in omega-3 fatty acids to cows increased the proportion of omega-3 fatty acids and reduced the proportion of arachidonic acid in the endometrium (Burns et al. 2003 , Bilby et al. 2006 , and resulted in a smaller prostaglandin response to an oxytocin challenge in late diestrus (Mattos et al. 2002) . In general, fat supplementation generally improves reproduction in dairy cows (Rodney et al. 2015) , and most benefits observed had been attributed to the noncaloric effects of fatty acids (Santos et al. 2008) . Improvements resulted from greater pregnancy per insemination and smaller pregnancy losses after pregnancy diagnosis. The noncaloric effects include, but are not limited to, improved measures of immunity and smaller incidence of diseases, altered follicle development and oocyte quality, and improved uterine environment for pregnancy development. Isolation of the effects, however, is difficult considering that most studies evaluate long-term feeding strategies.
Regarding the impact of fatty acids on uterine biology, most research have focused on changing the profile of fatty acids in the endometrium with supplemental fat, aiming to reduce the proportion of prostaglandins precursors, especially arachidonic acid, and consequently reduce the capability of the endometrium to produce series-2 prostaglandins. The strategy would protect the corpus luteum from luteolytic prostaglandin, which is essential for pregnancy maintenance in ruminants. Nonetheless, considering the current knowledge of the biology of elongating conceptus and its demand for arachidonic acid and prostaglandins, the strategy might not be completely beneficial for conceptus development. In fact, luteolysis can be avoided by the presence of a healthy conceptus in the uterus and substantial secretion of IFN-τ. Thus, the focus of fatty acid supplementation for improving uterine biology should shift from manipulating the production of luteolytic prostaglandin pulses to the discovery of the best fatty acid profile that supports conceptus development. However, further basic research is still needed for a holistic understanding of the accumulation or enrichment of lipids in the endometrium, their transfer from endometrium to the conceptus and their utilization by the conceptus. Targeting the activation of PPARG in trophectoderm cells might be a good strategy to enhance conceptus development.
Lipid composition in tissues also has a genetic component (Saatchi et al. 2013 , Buchanan et al. 2015 . The genomic era has revolutionized how we think about the potential for genetic control of phenotypes, and one cannot forget about the potential variation of endometrial fatty acids caused by genetics and its consequences for conceptus development and pregnancy survival to term. Moreover, the physiological state of the female could also impact lipid composition and metabolism in different tissues. Lactation, for example, causes dramatic changes in the metabolism of dairy cows (Thompson et al. 2012) , and many of these changes are associated with reduced fertility of lactating cows compared with heifers. Valour and coworkers (2014) compared conceptus development and transcriptome of lactating dairy cows and heifers. Although no major differences were found in the size and morphology of the conceptuses, significant differences were observed in the transcriptome of the conceptus cells. Interestingly, lipid metabolism was one of the most important functions enriched by the differently expressed genes in the functional analysis of the data. For instance, conceptuses recovered from heifers had greater expression of genes related to prostaglandins biosynthesis (PTGES, PTGDS) than those recovered from early lactation cows. Inflammatory diseases postpartum might constitute another important example. Prostaglandins are important mediators of inflammation and therefore diseases might have consequences for lipid content in tissues and metabolism. Incidence of postpartum diseases is one of the major causes of reproductive failure in cattle. Cows that suffer inflammatory diseases postpartum have impaired conceptus development, greater incidence of pregnancy loss and reduced reproductive performance (Ribeiro et al. 2016b ). Investigation of the impact of physiological states on lipid metabolism and composition in tissues might also contribute for the holistic understanding of the lipid contribution to developmental biology in ruminants.
Conclusions
Lipids are important for elongation of the ruminant preimplantation conceptus (Fig. 4) . They are used Figure 4 Schematic figure illustrating the working hypothesis model. Progesterone secreted by a matured corpus luteum during diestrus induces accumulation of lipids in the endometrial epithelial cells. Lipids accumulated in the endometrium are the most important source of fatty acids for utilization by the conceptus during elongation. Endometrium lipids are exported to the uterine lumen by exosomes, microvesicles, carrier proteins and lipoproteins, and incorporated by conceptus cells by fusion of membranes supported by receptors and fatty acids transporters. Lipids taken up by conceptus cells are essentially used for synthesis of cell membranes, energy production and cell signaling. Activation of PPARG by lipid ligands would be a major event for coordination of transcription and cell biology during elongation. by trophectoderm cells for nutrition, homeostasis, signaling and coordination of gene expression. Lipids accumulated in epithelial cells of the endometrium during diestrus are likely the most important source of fatty acids for utilization by the conceptus. Endometrium lipids are potentially exported to the uterine lumen by exosomes, microvesicles, carrier proteins and lipoproteins, and incorporated by conceptus cells by fusion of membranes supported by receptors and fatty acids transporters. Lipids could be used for oxidation, mitochondrial and peroxisomal, and generation of ATP, biosynthesis of membrane phospholipids and prostaglandins, and cell signaling. Activation of PPARG by lipid ligands would be a major event for coordination of transcription and cell biology during elongation. Targeting uterine lipid metabolism and PPARG activity during preimplantation development of ruminant conceptus through nutraceutical diets might constitute an important strategy to improve pregnancy survival and reproductive efficiency in ruminants.
